, an organophosphorus pesticide, is widely used as an agricultural and household insecticide. The oxons are known to be the actual toxic forms of organophosphorus pesticides. Using an in vitro cytochrome P450 (CYP) metabolism system, MPP was metabolized to produce five metabolites: MPP sulfoxide, MPP sulfone, MPP oxon, MPP oxon sulfoxide and MPP oxon sulfone. MPP sulfoxide was the main product, while MPP oxon sulfone and the other metabolites were produced in small amounts. On the other hand, MPP was converted to MPP oxon sulfone by chlorination in a water purification system, raising the possibility of human exposure to MPP oxon sulfone through drinking water. MPP oxon sulfone showed the highest acute toxicity among MPP and its metabolites. In addition, MPP oxon sulfone was not metabolized by CYP3A4, the major CYP isomer in humans. It is important that MPP and its oxides are monitored and their health risk assessed to control drinking water safety because MPP was detected in river water.
INTRODUCTION
Many chemicals from domestic wastewater, industrial effluent, agricultural run-off, and other sources flow into natural waters such as rivers. For this reason, it is relevant to consider that those pollutants could affect human health. In particular, the general public has a great concern for pesticides because of their adverse effects on human health. Therefore, numerous monitoring surveys of pesticides in natural water have been performed, and the detection data have been reported (Sancho et al., 2004; Quintana et al., 2001; Frenich et al., 2001; Sabik et al., 2000) . In this study, we focused on fenthion (MPP), an insecticide from a class of organophosphorus pesticides, which is used in large amounts and has a high detection frequency. Organophosphorus pesticides may be converted to oxons, which are known to be their actual toxic derivatives (Eaton et al., 2008; Casida and Quistad, 2004; Cox, 1994) . Five oxide derivatives of MPP were determined including the side-chain oxidations and their oxons.
Concerns of the potential risk to human health of MPP have recently increased. We therefore sought to determine whether MPP could be biotransformed to oxon derivatives. Ingested chemicals are typically modified by the phase I oxidative reaction, of which the cytochrome P450 (CYP) proteins are the principal oxidative enzymes. CYP3A4 is found to be the major isomer in many organs (Denisov et al., 2007; Guengerich, 1999) . We examined and identified the in vitro metabolites of MPP mediated by human CYP3A4 and we also quantified the oxons.
-216 -In this study, we measured MPP and its oxides in river water. On the basis of the metabolic profile and from the knowledge of environmental exposure routes, we further discussed the possible acute toxicity from exposure to MPP oxide derivatives.
MATERIALS AND METHODS Chemicals
Fenthion (O, MPP) and MPP sulfoxide were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). MPP sulfone, MPP oxon, MPP oxon sulfoxide, and MPP oxon sulfone were purchased as 10 mg/L solutions in acetonitrile from Kanto Chemical Co., Inc. (Tokyo, Japan). Dichloromethane and acetone (pesticide residue analysis grade), acetonitrile and methanol (high performance liquid chromatography grade), and acetic acid were purchased from Wako Pure Chemical Industries, Ltd. The water used in the experiment was purified using a Milli-Q gradient A10 and Elix with EDS polisher water purification system (Millipore, Bedford, MA, USA). Microsomal enzyme solution and an NADPH regenerating system for the metabolic reaction were purchased from BD Biosciences (Woburn, MA, USA). The microsomal enzyme solution contained recombinant human CYP, human CYP reductase, and human cytochrome b 5 , which were expressed from cDNA using baculovirus-infected insect cells.
Sampling procedure
River water samples were taken from the Naka River that flows through urban areas, Saitama and Tokyo, Japan. Sampling was performed twice a month from December 2007 to December 2008 in the riverside of Taniguchi Town, Misato City, Saitama Prefecture. A 2-liter glass bottle was washed twice with river water before the sample was placed and then the bottle was tightly covered so that air would not enter. The glass bottle containing the sample was kept at 4˚C until the time of concentration and analysis which were done on the same day.
Pre-treatment of river water and GC/MS analysis
Analytes were extracted by solid-phase extraction (SPE) and were analyzed as previously reported (Tahara et al., 2006) . Two liters of river water samples were concentrated using a Sep-Pak Plus C18 SPE cartridge (Waters, Milford, MA, USA) with an automatic concentrator, Sep-Pak Concentrator Plus (Waters). The final volume used was 1 mL with dichloromethane for gas chromatography/mass spectrometry (GC/MS) analysis. The instrument was operated in selected-ion monitoring (SIM) mode. Two selected ions for each target compound were monitored for quantification and identification, and the retention times are summarized in Table 1 .
Metabolic reaction
A 1 mM standard solution of pesticide was prepared in acetone and stored at -20˚C. Working solutions were freshly prepared before use by diluting with acetonitrile. The reduction of MPP sulfoxide back to MPP by the cytosolic aldehyde oxidase enzyme was ruled out in this study. Each 0.5 mL reaction mixture contained 1.6 mM NADP + , 3.3 mM glucose-6-phosphate, 3.3 mM magnesium chloride, 0.01 mM pesticide, and 0.4 U/mL glucose-6-phosphate dehydrogenase in 100 mM potassium phosphate buffer (pH 7.4). After incubation at 37°C for 10 min, the microsome solution was added to make up -217 -a 10 pmol CYP isomer. Reactions were stopped after 5, 10, 15, 20, 30, 40, 50 and 60 min by the addition of 250 L acetonitrile. And then they were centrifuged at 10,000×g for 3 min. The supernatant was analyzed by liquid chromatography/mass spectrometry (LC/MS).
Quantification using LC/MS analysis
Analysis by LC/MS was performed as previously reported (Tahara et al., 2008a) . The retention time and selected ions for each target compound were monitored for quantification and are summarized in Table 1 . RESULTS AND DISCUSSION MPP and its oxides in river water MPP is widely used as a pest control agent for rice, leguminous plants, and fruit trees. As mentioned previously, the existence of MPP and its oxides in river water was studied.
From the results of the GC/MS analysis for the period April to August, a peak was observed on the chromatogram which was recognized to be MPP with m/z = 278 at a retention time of 16 min (Fig. 1) . The peaks of oxides were not detected in river water.
The maximum concentration of MPP was 0.12 g/L on April (Fig. 2) . As previously reported, insecticides and herbicides used in paddy fields become detectable in river water immediately after spraying (Tsuda et al., 1998) . Their concentrations show seasonal changes depending upon their usage. Metabolism of MPP by human CYP3A4 Among CYP isomers, CYP3A4 is found to have the largest quantity in vivo. In order to detect the metabolites of MPP and to help determine its potential risks to human health, MPP was allowed to react with human CYP 3A4. MPP sulfoxide was detected by LC/MS as the main metabolite, and four other metabolites (MPP sulfone, MPP oxon, MPP oxon sulfoxide and MPP oxon sulfone) were also detected at trace levels (Fig. 3) . This metabolic reaction continued linearly for 10 min. Among the metabolites of MPP, we focused on the formation of oxon metabolites, which are known inhibitors of cholinesterase activity. The conversion rates of MPP to MPP oxon, MPP oxon sulfoxide and MPP oxon sulfone by CYP3A4 were 1.5, 0.52, and 0.02 nmol/min/nmol P450, respectively, calculated from the molarities at 10 min.
In addition, MPP was similarly metabolized by seven other CYP isomers: CYP1A2, CYP1B1, CYP2A6, CYP2C9, CYP2C19, CYP2D6 and CYP2E1. The major products of metabolism by these seven CYP isomers were MPP sulfoxide and MPP oxon. Trace amounts of MPP sulfone, MPP oxon sulfoxide, and MPP oxon sulfone were detected from CYP1A2 and CYP2C19.
Only small quantities of the bioactive derivatives, MPP oxon, MPP oxon sulfoxide and MPP oxon sulfone, were formed from the metabolism by any of the eight CYP isomers. Two major metabolites, MPP sulfoxide and MPP oxon were formed from MPP by some CYP and flavin-containig monooxygenase in the previously reported papers (Leoni et al., 2008; Kitamura et al., 2003) . In their results, MPP sulfone and MPP oxon sulfone were not detected on chromatograms by HPLC/UV and GC/MS. Thus, we compared sensitivity on metabolites using GC/MS and LC/MS, and set the limit of detection of MPP sulfoxide, MPP sulfone, MPP oxon, MPP oxon sulfoxide and MPP oxon sulfone to 10, 2, 5, 50 and 20 g/L for GC/MS and 0.02, 0.2, 0.05, 0.2 and 0.1 g/L for LC/MS, respectively. Five compounds except MPP were able to be analyzed more effectively by LC/MS as compared with GC/MS. Since LC/MS had 10-500 times higher sensitivity in measurement of metabolites than GC/MS, it yielded satisfactory separation and it was used to analyze the metabolites. Therefore, traces of MPP sulfone, MPP oxon sulfoxide and MPP oxon sulfone were able to be detected.
Toxicity evaluation of MPP oxide derivatives
In water, MPP is gradually converted to MPP sulfoxide and then to traces of MPP oxon sulfoxide and MPP oxon sulfone (Tahara et al., 2008a) . Moreover, MPP has been thought to react with chlorine in the water purification process. The formation of four oxides, MPP sulfoxide, MPP sulfone, MPP oxon sulfoxide and MPP oxon sulfone, through chlorination process was observed, and after 24 hours, MPP was almost completely converted to MPP oxon sulfone (Tahara et al., 2008a) . The four MPP oxide derivatives have not received careful evaluation as toxic agents since they are not used as pesticides. Thus, the three MPP oxons were evaluated for toxicity by in vitro system using cholinesterase activity as an indicator (Tahara et al., 2005) . It was found out that MPP oxon sulfone has the most pronounced adverse effect followed by MPP oxon sulfoxide, and then MPP oxon. Consequently, human risk assessment for MPP must be done on the basis of the contributions of its oxides.
The stability of MPP oxon sulfone with CYP3A4 was examined next. The concentration of MPP oxon sulfone did not change for 60 min, which suggests that MPP oxon sulfone might accumulate and show toxicity without further in vivo modification. It was also found out that the oxidation of MPP to MPP oxon sulfone occurs more readily in the environment and in the water purification process than by in vivo metabolism.
The inhibition of cholinesterase activity was reported to be 280 times stronger with MPP oxon sulfone as compared with MPP (Tahara et al., 2008b) . Therefore, careful monitoring of MPP oxides in drinking water is required to evaluate the acute toxicity of MPP because human population could be exposed to MPP oxon sulfone through the drinking water and other aqueous environment.
CONCLUSIONS
In this study, the possible genesis of MPP oxide derivatives in the environment was investigated as well as their potential toxicity to humans in a cholinesterase assay. The in vitro metabolic profile of MPP from aqueous environment was observed to mimic in vivo metabolism. It was clarified that CYP3A4, one of the most common human oxidative enzymes, catalyzed the conversion of MPP to five oxide derivatives. In public health, characterizing metabolic pathways for widely used pesticides is of high significance, especially with organophosphorus oxons, which have shown acute toxicity.
Moreover, the behavior of MPP oxon sulfone using CYP3A4 was examined because it is the product of the chlorination of MPP in the water purification process and it displays the strongest acute toxicity. As a result, the concentration of MPP oxon sulfone did not change and no product peak was observed. In addition, MPP was detected from river water in the summer months and lower amounts found in the winter months. MPP has a potential risk to human health by its conversion to MPP oxon sulfone through the water purification process; the environmental conversion end point for organophosphorus pesticides is thought to be the same. As shown in this study, the careful monitoring of organophosphorus pesticides and their oxides in aqueous environment and in tap water is an important matter for health assessment from the viewpoint of controlling water purity and risk management.
